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The decay properties of the linear-chain states in 14C are investigated by using the antisym-
metrized molecular dynamics. The calculation predicts two rotational bands with linear-chain
configurations having the pi-bond and σ-bond valence neutrons. For the pi-bond linear-chain, the
calculated excitation energies and the widths of α-decay to the ground state of 10Be reasonably
agree with the experimental candidates observed by the α+ 10Be resonant scattering. On the other
hand, the σ-bond linear-chain is the candidate of the higher-lying resonant states reported by the
break-up reaction. As the evidence of the σ-bond linear-chain, we discuss its decay pattern. It is
found that the σ-bond linear-chain not only decays to the excited band of 10Be but also decays to
the three-body channel of 6He + α + α, and the branching ratio of these decays are comparable.
Hence, we suggest that this characteristic decay pattern is a strong signature of the linear-chain
formation and a key observable to distinguish two different linear-chains.
I. INTRODUCTION
Since the linear-chain configuration of 3α clusters (lin-
early aligned 3α clusters) was suggested in 1950’s [1],
many studies have been devoted to search it in the ex-
cited states of 12C [2–10]. Nevertheless, no positive ev-
idence has been obtained, and it is considered that the
linear-chain is unstable against the bending motion [5, 8].
Instead of 12C, neutron-rich C isotopes have attracted
much interest in these decades as new candidates of the
linear-chain, because it is expected that the valence neu-
trons will play a glue-like role and stabilize the linear-
chain against the bending motion [11]. Theoretical stud-
ies predict the rotational bands with the linear-chain con-
figurations in C isotopes [12–22]. It was pointed out that
the motion of the valence neutron can be qualitatively
interpreted in terms of the molecular orbits analogous
to the Be isotopes [23–28], which are called pi- and σ-
orbits. Concurrently, rather promising candidates of the
linear-chain were reported in 14C and 16C by several ex-
periments [29–35].
In our previous study [22], based on the antisym-
metrized molecular dynamics (AMD) calculation, we
pointed out that two positive-parity rotational bands in
14C have the linear-chain configurations. The first band
which we call pi-bond linear chain has two valence neu-
trons in pi-orbit and is built on the 0+ state at 14.6 MeV
which is just above the α+ 10Be threshold but below the
2α + 6He threshold. It was found that the energies and
widths of the resonances observed by the α+ 10Be elastic
scattering [33, 34] qualitatively agree with the theoretical
calculations [15, 18] including ours. Therefore, they are
regarded as the pi-bond linear-chain candidates, although
the experimental spin-parity assignment was somewhat
ambiguous. The other band named σ-bond linear chain
has valence neutrons in σ-orbit and built on the 0+ state
above the α+ 10Be and 2α+ 6He thresholds. It has more
elongated linear-chain configuration and larger moment
of inertia than the former band, but the experimental
counterpart was not known at that time.
Quite recently, very interesting data were reported by
two groups. Yamaguchi et al. [36] reported the result
of the α+ 10Be elastic scattering and updated the infor-
mation about the candidates of the pi-bond linear chain.
The reported resonances look essentially same with those
found in previous experiments [33, 34]. However, owing
to the better statistics and larger angular coverage, they
provided more reliable spin-parity assignment and eval-
uation of the decay widths. The other experiment was
reported by Tian et al. [37] and Li et al. [38] who ob-
served the resonances populated by 9Be(9Be, α+ 10Be)α
reaction. In addition to the same resonances reported
by Yamaguchi et al., they found new resonances located
above the α + 10Be and 2α + 6He thresholds. Based on
the observed energies and decay pattern, these new res-
onances were suggested as the candidates of the σ-bond
linear chain.
These new data motivated us to perform additional
analysis and to summarize the calculated and observed
properties of the linear-chain bands in 14C. We inves-
tigated several decay modes of the linear-chain bands
whose wave functions are obtained in our previous work
[22]. By the comparison with the new data, it is found
that the agreement between the calculated and observed
pi-bond linear-chain band is plausible. It is also shown
that the observed unique decay pattern of the resonances
reported by Tian et al. agrees with the σ-bond linear-
chain band, which is the first evidence for the existence of
two different linear-chain bands with pi- and σ-bonding.
In addition to these analysis, it was found that the σ-
bond linear chain decays to the 6He + 8Be channel as
well as the α+ 10Be channel, and their branching ratios
are comparable. Hence, we suggest that the sequential
three-body decay of 14C∗ → 6He+ 8Be→ 6He+α+α is
an important evidence of the σ-bond linear chain.
The paper is organized as follows. The AMD frame-
work and the method to estimate the reduced widths
amplitude for the α + 10Be and 6He + 8Be decays are
explained in the next section. In Sec. III, the excita-
tion energies and decay widths of the linear-chain states
2are shown and compared with the observed data to sug-
gest the assignment of the linear-chain bands. In the last
section, we summarize this work.
II. THEORETICAL FRAMEWORK
In this study, we analyze the wave functions of linear-
chain states obtained in our previous work [22]. For the
sake of the self-containedness, in Sec. II. A., we briefly
explain how those wave functions were calculated. In
Sec. II. B. and C., we explain the method to evaluate
the decay modes of linear-chain states used in the present
study.
A. variational calculation and generator coordinate
method
We use the microscopic A-body Hamiltonian,
Hˆ =
A∑
i=1
tˆi − tˆc.m. +
A∑
i<j
vˆNij +
Z∑
i<j
vˆCij , (1)
where the Gogny D1S interaction [39] is used as an effec-
tive nucleon-nucleon interaction vˆN . The Coulomb inter-
action vˆC is approximated by a sum of seven Gaussians.
The kinetic energy of the center-of-mass tˆc.m. is exactly
removed.
The variational wave function ΦΠ is a parity projected
intrinsic wave function Φint, and Φint is represented by
a Slater determinant of single particle wave packets,
ΦΠ = PˆΠΦint, (2)
Φint = A{ϕ1, ϕ2, ..., ϕA}, (3)
where PˆΠ denotes parity projector. In this study, we
focus on the positive-parity states (pi = +). ϕi is the
single particle wave packet which is a direct product of
the deformed Gaussian spatial part [40], spin (χi) and
isospin (ξi) parts,
ϕi(r) = φi(r)⊗ χi ⊗ ξi, (4)
φi(r) = exp
{
−
∑
σ=x,y,z
νσ
(
rσ − Ziσ√
νσ
)2}
, (5)
χi = aiχ↑ + biχ↓, ξi = p or n.
The centroids of the Gaussian wave packets Zi, the di-
rection of nucleon spin ai, bi, and the width parameter
of the deformed Gaussian νσ are the variational parame-
ters. The variational parameters are determined so that
EΠ which is a sum of the energy and constraint potential
is minimized.
EΠ =
〈ΦΠ|Hˆ |ΦΠ〉
〈ΦΠ|ΦΠ〉 + vβ(〈β〉 − β)
2 + vγ(〈γ〉 − γ)2, (6)
where 〈β〉 and 〈γ〉 are the quadrupole deformation pa-
rameters of the intrinsic wave function defined in Ref.
[41], and vβ , vγ are chosen to be sufficiently large value.
EΠ is minimized by the frictional cooling method, and
we obtain the optimized wave function ΦΠ(β, γ) =
PˆΠΦint(β, γ) which has the minimum energy for each
set of β and γ.
After the variational calculation, the eigenstate of the
total angular momentum J is projected out,
ΦJΠMK(β, γ) = Pˆ
J
MKΦ
Π(β, γ). (7)
Here, Pˆ JMK is the angular momentum projector. Then,
we perform the GCM calculation by employing the
quadrupole deformation parameters β and γ as the gen-
erator coordinate. The wave function of GCM reads,
ΨJΠMn =
∑
i
∑
K
cJΠKinΦ
JΠ
MK(βi, γi), (8)
where the coefficients cJΠKin and eigenenergies E
JΠ
n are
obtained by solving the Hill-Wheeler equation [42].
B. reduced width amplitude and decay width
Using the GCM wave function, we estimate the re-
duced width amplitudes (RWA) yljpin (r) for the α+
10Be
and 6He + 8Be decays which are defined as,
yljpin (r) =
√
A!
AHe!ABe!
〈φHe[φBe(jpin)Yl0(rˆ)]JΠM |ΨJΠMn〉,
(9)
where φHe denotes the ground state wave function for
4He or 6He, and φBe(j
pi
n ) denotes the wave functions for
daughter nucleus 10Be or 8Be with spin-parity jpin . Yl0(rˆ)
is the orbital angular momentum of the inter-cluster mo-
tion, and it is coupled with the angular momentum of
Be(jpin) to yield the total spin-parity J
Π. AHe and ABe
are the mass numbers of He and Be, respectively. The
reduced width γljpin is given by the square of the RWA,
γ2ljpin (a) =
~
2
2µa
[ayljpin (a)]
2, (10)
and the partial decay width is a product of the reduced
width and the penetration factor Pl(a),
Γljpin = 2Pl(a)γ
2
ljpin
(a), Pl(a) =
ka
F 2l (ka) +G
2
l (ka)
, (11)
where a denote the channel radius, and Pl is given by the
Coulomb regular and irregular wave functions Fl and Gl.
The wave number k is determined by the decay Q-value
and the reduced mass µ as k =
√
2µEQ.
To reduce the computational cost, we employ an ap-
proximate method given in Ref. [43] to calculate Eq.(9).
3In this method the antisymmetrization effect is neglected
by choosing sufficiently large inter-cluster distance a,
and RWA is approximated by the overlap between the
GCM wave function and the Brink-Bloch wave function
ΦJpijlBB (a) in which He and Be clusters are placed with the
inter-cluster distance a as illustrated in Fig. 1,
|ayljpi′ (a)|2 ≃
√
γ
2pi
| 〈ΦJpijlBB (a)|ΨJpiMn〉 |2, (12)
γ =
AHeABe
A
νBB.
where νBB denotes the width parameter of the Gaussian
wave packet of Brink-Bloch wave function.
Be a He
J
FIG. 1. The schematic figure showing the Brink-Bloch wave
function.
In this study, the Brink-Bloch wave function is con-
structed as follows. First, the intrinsic wave function for
10Be and 8Be denoted by ψBe are generated by the AMD
energy variation. The intrinsic wave function of Be is
approximated by a single AMD Slater determinant with
spherical Gaussian wave packets with the width param-
eter νBB = 0.16 fm
−2. In the case of 8Be, the wave
functions of the 0+1 and 2
+
1 states are calculated by the
bound-state approximation. The density distribution of
obtained intrinsic wave function of 8Be is shown in Fig.
2(a) in which the distance between two α clusters is ap-
proximately 3.4 fm. For 10Be, we obtained two differ-
ent intrinsic wave functions shown in Fig. 2 (b) and (c)
in which two valence neutrons occupy so-called pi- and
σ-orbits, respectively. We regard that the former corre-
spond to the ground band (the 0+1 , 2
+
1 , and 4
+
1 states),
while the latter is the excited band (the 0+2 , 2
+
3 , and
4+2 states). Then it is projected to the eigenstate of the
angular momentum jpi as φBe(j
pi
n) = Pˆ
jpi
m0ψBe, where we
approximate that the Be wave function is axially sym-
metric The construction of the wave function of 4He and
6He is explained in the next section. The Brink-Bloch
wave function is constructed by placing these He and Be
wave functions with the inter-cluster distance a,
ΦjmBB(a) = A
{
φHe
(
−ABe
A
a
)
Pˆ jm0ψBe
(
AHe
A
a
)}
, (13)
and projected to the eigenstate of the total spin-parity JΠ
as Pˆ J
Π
MmΦ
jm
BB(a). Then, we construct the wave function,
in which the angular momentum l of the inter-cluster
motion and the angular momentum j of Be are coupled to
the total spin-parity JΠ, by summing up for all possible
values of m,
ΦJpijlBB (a) = n
2l+ 1
2J + 1
∑
m
CJml0jmPˆ
Jpi
MmΦ
jm
BB(a), (14)
where CJml0jm and n denotes the Clebsch-Gordan coeffi-
cient and the normalization factor.
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FIG. 2. (color online) The density distribution of (a) 8Be and
10Be with valence neutrons in (b) pi-orbit and (c) σ-orbit.
The contour lines show the proton density distributions. The
color plots show the single particle orbits occupied by the
most weakly bound neutron.
Generally, the partial decay width should be indepen-
dent on the choice of the channel radius. However, in the
practical calculation, the channel radius must be prop-
erly chosen to stabilize the results because of the follow-
ing two problems. Firstly, the channel radius should not
be too large value, because we adopt the bound-state
approximation in the GCM calculation and hence the
wave function is not correct at large inter-cluster dis-
tance. Secondly, the channel radius a should not be too
small, because the antisymmetrization effect cannot be
neglected and the approximation is not valid. Therefore,
we adopted two different values for the channel radius.
The first choice is a = 5.2 fm which is common to the
value used in the R-matrix analysis of the pi-bond linear
chain candidates observed in Ref.[33] and close to that
in Ref.[36]. Unfortunately, this choice of channel radius
was found inappropriate for the analysis of the σ-bond
linear chain. Because σ-bond linear chain is dominated
by the 10Be(0+2 , 2
+
3 ) + α channels and
10Be(0+2 , 2
+
3 ) have
larger radii than the ground state, the larger channel ra-
dius should be used to avoid the antisymmerzation effect.
Hence, we used a = 6.0 fm for the analysis of σ-bond lin-
ear chain.
C. 6He reduced width amplitude
Here, we explain how the wave functions of 4He and
6He clusters are constructed. The wave function of 4He
is approximated by a (0s1/2)
4 wave function of harmonic
oscillator (H.O.) which is represented by the Gaussian
wave packet with the width of νBB = 0.16 fm
−2,
φ0s(r) = (2ν/pi)
3/4e−νr
2 ⊗ χ. (15)
The ground state of 6He is approximated by a
(0s1/2)
4(0p3/2)
2 configuration as
φJ=0He = A{(0s1/2)4[0p3/2 ⊗ 0p3/2]J=0} (16)
4where 0p3/2 is also the eigen function of H.O. In the prac-
tical calculation, we do not use H.O. wave functions di-
rectly, but the 0p3/2 wave function is represented by the
sum of the infinitesimally shifted Gaussian wave packets
φ0s(r; ǫ) = (2ν/pi)
3/4exp−ν(r − ǫ2) ⊗ χ. This greatly
reduces the computational cost because it is possible to
use ordinary computational code for AMD to calculate
Eq. (12). The relationship between the shifted Gaussian
wave packets and H.O. wave function is given as follows
to the first order of the shift ǫ,
φ0s(r; ǫ)− φ0s(r;0)
=
(2ν
pi
)3/4{
e−ν(r−ǫ)
2 − e−νr2
}
⊗(aχ↑ + bχ↓)
≃
(2ν
pi
)3/4
2νr · ǫe−νr2 ⊗ (aχ↑ + bχ↓)
= −
(2ν
pi
)3/4
2νre−νr
2
[
aY1−1(ǫ)φp3/2 3/2
+ bY11(ǫ)φp3/2 −3/2
+
√
1
3
{
bY1−1(ǫ)−
√
2aY10(ǫ)
}
φp3/2 1/2
+
√
1
3
{
aY11(ǫ)−
√
2bY10(ǫ)
}
φp3/2 −1/2
+
√
1
3
{√
2bY1−1(ǫ) + aY10(ǫ)
}
φp1/2 1/2
−
√
1
3
{√
2aY11(ǫ) + bY10(ǫ)
}
φp1/2 −1/2
]
(17)
where Y1m(r) is the regular solid spherical harmonics,
Y1m(r) =
√
4pi
3
rY1m(rˆ), (18)
where φp3/2 m and φp1/2 m denote the 0p3/2 and 0p1/2
wave functions with the magnetic quantum number m.
From Eq.(17), we see that 0p3/2 wave functions can be
described by the sum of the φ0s(r; ǫ) with proper choice
of a, b and ǫ. Thus, Eq.(16) is represented by the sum of
the Slater determinant of the shifted Gaussian packets.
In the practical calculation the magnitude of ǫ is chosen
as |ǫ| = 0.02.
III. RESULTS AND DISCUSSION
In Sec. III A, we summarize the properties of the pi-
bond and σ-bond linear chains studied in our previous
work [22]. In Sec. III B and C, by referring the latest
experimental data and the theoretical analysis of the de-
cay modes, we discuss the assignment of the linear-chain
bands.
A. Calculated linear-chain bands
Figure 3 summarizes the calculated rotational bands
with the linear-chain configurations presented in Ref.
[22] and experimental data [33, 34, 36, 37]. The pi-
bond linear-chain band shown by blue squares is built
on the 0+ state at 14.6 MeV which lies just above the
α + 10Be(0+1 ) threshold but below α +
10Be(0+2 ) and
6He + 8Be(0+) thresholds. The other band, the σ-bond
linear-chain, is built on the 0+ state at 22.2 MeV which
is above all of those thresholds.
Theoretically, the assignment of these two bands is
rather unique. The reason of the assignment and
the properties of the linear-chain bands are as follows.
Firstly, these bands are dominated by the intrinsic states
having the linear-chain configurations shown in Fig. 4.
The pi-bond linear chain has large overlap with the in-
trinsic wave function shown in Fig. 4(a) which amounts
to 87% for the 0+ state at 14.6 MeV. The proton den-
sity distribution shown by solid lines clearly indicates
the formation of the linearly aligned three alpha clus-
ters surrounded by the two valence neutrons shown by
the color plot. As already discussed in Refs.[19, 22], in
terms of the molecular orbit picture, this valence neutron
orbit is interpreted as the pi-orbit which is composed of
the perpendicular alignment of the p-wave around the al-
pha cluster as illustrated in Fig.5(a). The σ-bond linear-
chain is dominated by the intrinsic wave function shown
in Fig. 4(b) whose overlap with the 0+ state at 22.2
MeV amounts to 99%. Again, we recognize the forma-
tion of the 3α linear chain, but the valence neutron orbit
is different. It is interpreted as the σ-orbit shown in
Fig.5(b) which is composed of the parallel alignment of
the p-orbits. Since all other states in this energy region
denoted by lines in Fig. 3 have much less overlap with
the configurations, the linear-chain bands can be clearly
assigned.
Secondly, the B(E2) transition strengths between the
member states of these bands are rather strong compared
to other in-band and inter-band transitions as listed in
Table.III in Ref. [22], which is consistent with the dom-
inance of the strongly deformed intrinsic shapes with
linear-chain configuration. Because the σ-bond linear
chain is more strongly deformed than the pi-bond linear
chain, its in-band transition strengths are stronger than
those of pi-bond linear chain. Deference of the deforma-
tion also reflected to the moment-of-inertia; ~/2ℑ =179
and 98 keV for pi-bond and σ-bond linear-chain bands,
respectively.
Finally, among the excited states located around the
α+10Be(0+1 ), α+
10Be(0+2 ) and
6He+8Be(0+) thresholds,
the linear-chain bands have largest α and 6He reduced
widths. Therefore, the alpha decaying resonances in the
vicinity of these thresholds are, if observed, regarded as
the candidates of the linear-chain bands.
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FIG. 3. (color online) The positive-parity energy levels up to Jpi = 8+. Filled circles show the resonances with the definite
spin-parity assignments observed in the α+ 10Be resonant scattering[33, 34, 36]. Blue lines show the resonances without spin-
parity assignment observed in the breakup reaction [37]. Filled boxes show the calculated linear-chain bands, while lines show
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FIG. 4. (color online) The density distribution of the linear-
chain configurations of 14C, with valence neutrons in (a) pi-
orbit and (b) σ-orbit. The contour lines show the proton
density distributions. The color plots show the single particle
orbits occupied by the most weakly bound neutron.
B. Resonances observed in the α+ 10Be scattering
and the assignment of the pi-bond linear chain band
Now, we discuss the assignment of the linear-chain
bands based on the latest experimental data. Freer et al.
[33], Fritsch et al. [34] and more recently, Yamaguchi et
al. [36] independently reported the resonances observed
in the α+ 10Be scattering, which are shown by circles in
Fig. 3 and summarized in Table. I. Freer et al. reported
10Be(pi-bond)
10Be(σ-bond)
{ {
{
6He(p-orbit)
6He(p-orbit)
(d)
(c)
(b)
(a)
FIG. 5. The schematic figure showing the pi and σ-orbits
around the linear chain. The combination of the p orbits
perpendicular to the symmetry axis generates pi orbits, while
the combination of parallel orbits generates σ orbit.
the 4+ and 6+ resonances at 18.22 and 20.80 MeV, re-
spectively, while Fritsch et al. reported the 2+ and 4+
resonances at 15.0 and 19.0 MeV. A candidate of the 2+
6resonance at 17.95 MeV was also reported by Freer et al.,
but not shown in Fig. 3 because the spin-parity assign-
ment is not so firm. Yamaguchi et al. reported the 0+,
2+ and 4+ resonances at 15.07, 16.22 and 18.87 MeV.
The 4+ energy is very close to that observed by Fritsch
et al. and the 0+ state may correspond to the Fritsch et
al.’s 15.0 MeV state which was assigned as 2+.
Although they suggest different spin-parity assign-
ments, we consider that they observed essentially the
same resonances which are assigned to the pi-bond linear-
chain band from the following reasons. Firstly, it is clear
that these resonance energies very nicely agree with those
of the calculated pi-bond linear-chain, regardless of the
spin-parity assignments. Furthermore, the observed data
show the large moment-of-inertia of the band; ~/2ℑ =
116 keV [33] and 190 keV [36]. In any cases, the very large
moment-of-inertia are consistent with the large deforma-
tion of the linear-chain band which reaches to 3:1 ratio
of the deformation axes. In particular, the moment-of-
inertia reported by Yamaguchi et al. (~/2ℑ =190 keV) is
very close to the present result. Since their experiments
have better statistics and larger angular coverage than
others, we expect that their spin-parity assignments are
reliable. We also note that the 15.0 MeV state observed
by Fritsch et al. can be assigned as 0+ instead of 2+,
because this state is very close to the 0+ state at 15.07
MeV reported by Yamaguchi et al. With this change of
the assignment, the moment-of-inertia of Fritsch et al.’s
experiment is close to the Yamaguchi et al.’s data and
consistent with the present theoretical result.
Secondly, as listed in Table. I, the observed resonances
have large alpha decay widths to the α+10Be(0+1 ) channel
comparable with those of the pi-bond linear-chain. Ex-
perimental data are not quantitatively consistent to each
other, but most of them are few hundreds keV which
are the same order of magnitude with the calculated pi-
bond linear-chain. This is rather strong evidence of the
linear-chain formation, because theories predict no other
states than the pi-bond linear-chain states which have
large alpha decay widths in this energy region. It must
be noted that the σ-bond linear-chain band has rather
small decay widths to he α + 10Be(0+1 ) channel, which
distinguishes the σ-bond linear-chain from the pi-bond
linear-chain. The reason for this decay suppression will
be explained in the next section.
Finally, theories predicted the decay of the pi-bond
linear-chain to the α + 10Be(2+1 ) channel despite of the
smaller decay Q-value (Table.II). This is because of the
strong admixture of the α+ 10Be(0+1 ) and α+
10Be(2+1 )
configurations in the pi-bond linear-chain, which orig-
inates in the strong coupling nature of the linearly
aligned alpha clusters. Experimentally, the width of the
α + 10Be(2+1 ) decay has not been measured, but Fritsch
et al. reported the decay of the 4+ resonance to the
α + 10Be(2+1 ) channel. Thus, the excitation energies,
moment-of-inertia and the decay widths are consistent
between the theory and the α + 10Be scattering experi-
ment, and hence, the formation of pi-bond linear-chain in
14C looks rather plausible. We also note that the same
resonances were also observed in the break up [44] and
transfer reactions [37, 38], although the spin-parity as-
signment was not given.
C. Higher-lying resonances observed in the
break-up reaction and the assignment of the σ-bond
linear-chain band
Quite recently, in addition to the candidates of the pi-
bond linear chain, Tian et al. [37] and Li et al. [38]
reported new resonances at 22.4 and 24.0 MeV observed
in the 9Be(9Be, α + 10Be)α reaction. Since their spin-
parity were not assigned yet, they are shown by blue
lines in Fig. 3. We see that their energies are very close
to those of the calculated 2+, 4+ and 6+ states of the σ-
bond linear chain, but we cannot exclude the assignment
to the 6+ or 8+ states of the pi-bond linear chain.
In order to identify the structure of these resonances,
we focus on the decay patterns of the pi- and σ-bond lin-
ear chains. The reduced widths to various decay channels
summarized in Figure 6 suggests unique decay patterns
of the linear chains. From the panels (a) to (d), we see
that all of the pi-bond linear chain states decay to the
ground band of 10Be (0+1 and 2
+
1 ), but not to the excited
band (0+2 and 2
+
3 ). On the other hand, the σ-bond lin-
ear chain has quite the opposite pattern; it decays to the
excited band, but not to the ground band. This clearly
distinguishes two linear-chains, and the reason of the dif-
ference is qualitatively understood from the intrinsic den-
sity distributions of the 10Be and linear-chains shown in
Figs.2 and 4. Both of the ground band of 10Be and pi-
bond linear chain has pi-bonding neutrons, and hence,
the pi-bond linear chain can be described by the linear
alignment of the 10Be(0+1 and 2
+
1 ) and alpha cluster as
illustrated in Fig.5 (a). Since this configuration is orthog-
onal to the α+10Be(0+1 and 2
+
1 ) the decay suppression to
the α+10Be(0+1 and 2
+
1 ) channels can be naturally un-
derstood. In the same way, the σ-bond linear chain can
be described by the linear alignment of the 10Be(0+2 and
2+3 )+α as shown in Fig.5 (b) which explains the decay
pattern of the σ-bond linear chain.
Experimentally, Li et al. [38] reported that the reso-
nances at 22.4 and 24.0 MeV dominantly decay to the 6
MeV state of 10Be which is deduced to be the 0+2 state of
10Be. Therefore, we conclude that these new resonances
are promising candidates of the σ-bond linear-chain. Dif-
ferent from the calculated σ-bond linear-chain, it is re-
ported that observed resonances also decay to the ground
band of 10Be. This discrepancy may be explained as fol-
lows. In the present calculation, we approximated that
the ground and excited bands of 10Be have pure pi- and σ-
bond configurations, respectively. However, in reality, it
is known that there are admixture of these configurations
and the 0+1 and 2
+
1 states have non-negligible amount of
the σ-bond configuration. Therefore, it is natural that
the observed resonances also decay to the ground band
7as well as the excited band of 10Be.
The panels (e) and (f) show that both of the pi- and
σ-bond linear chains have large reduced widths in the
6He + 8Be channel, which is another interesting feature
of the linear-chains. This is again schematically under-
stood from Fig.5. Because the valence neutron in pi- and
σ-orbits are covalent, the linear-chains can also be de-
scribed by the linear alignment of the 6He + 8Be as il-
lustrated in Fig.5 (c) and (d). Therefore, the σ-bond
linear chain and high-spin states (JΠ ≥ 6+) of pi-bond
linear chain which locate above the 6He + 8Be threshold
should also decay to the three-body final state through
the sequential two body decays, 14C∗ → 6He + 8Be →
6He + α+ α. As listed in Table.III, the decay widths of
the σ-bond linear chain to the 6He + 8Be channel are in
the same order with those in the α + 10Be channel, and
hence, the decay to 6He + α + α is another evidence of
the linear-chain formation.
In conclusion, the pi-bond linear-chain states decay to
10Be(pi2)+α and higher-spin than the 6+ states can decay
to 6He + α + α. In the case of the σ-bond linear-chain,
they decay to 10Be(σ2) + α and 6He + α + α because
all member states are above the both threshold energies.
This decay pattern is an important evidence to show the
formation of two linear-chains in 14C.
IV. SUMMARY
In this paper, we focus on the linear-chain states of 14C
based on the AMD calculations to establish the existence
of the linear-chain configuration.
The linear-chain configurations generate two rotational
bands. At strong deformed prolate region, two different
linear-chain configurations with valence neutrons in pi-
orbit and σ-orbit were obtained. The pi-bond linear chain
generates a rotational band around the α threshold en-
ergy. The energies and α decay widths of the pi-bond
linear chain are in reasonable agreement with the res-
onances observed by the α + 10Be. Thus, the pi-bond
linear-chain formation in 14C looks plausible.
On the other hand, the σ-bond linear-chain generates
a rotational band around the 6He threshold energy which
is 7.5 MeV higher than the α threshold energy. Newly
observed resonance states are close to energies of both
the low-spin states of the σ-bond linear-chain and the
6+ state of the pi-bond linear-chain. In order to distin-
guish the pi- and σ-bond linear-chain, we focus on the
decay patterns of them. Reduced widths show that the
pi-bond linear-chain states decay into the ground band
of 10Be, while the σ-bond linear-chain states decay into
the excited band of 10Be. This difference is due to the
molecular-orbit of 10Be.
From 6He reduced width, in addition, it is found that
the σ-bond linear-chain states decay into not only the
excited band of 10Be but also 6He+α+α. Furthermore,
the calculation predicts that the linear-chain will also
decay to the 8,10Be(2+) as well as to the ground state
of 8,10Be. This characteristic decay patterns are, if it is
observed, a strong signature of the pi- and σ-bond linear-
chain formations.
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9TABLE I. Excitation energies (MeV) and α-decay widths (keV) up to Jpi = 8+ of the linear-chain states and the experiments.
Γα shows the decay to the ground state (0
+
1 ) of
10Be. Numbers in parentheses are tentative.
pi-bond linear chain σ-bond linear chain exp. [33] exp. [34] exp. [36]
Jpi Ex Γα(5.2fm) Γα(6.0fm) Ex Γα(6.0fm) Ex Γα Ex Γα Ex Γα
0+ 14.64 250 179 22.16 0.2 15.07 760
2+ 15.73 214 188 22.93 0.4 (17.95) (760) 15.0 290 16.22 190
4+ 17.98 149 147 24.30 0.3 18.22 200 19.0 340 18.87 45
6+ 21.80 123 151 26.45 0.2 20.80 300
8+ 27.25 77 120 29.39 0.2
TABLE II. Excitation energies (MeV) and α-decay widths (keV) to the 2+1 state of
10Be.
pi-bond linear-chain σ-bond linear-chain
Jpi Ex Γα(5.2fm) Γα(6.0fm) Ex Γα(6.0fm)
0+ 14.64 - - 22.16 0.6
2+ 15.73 - - 22.93 0.2
4+ 17.98 118 111 24.30 1.8
6+ 21.80 256 271 26.45 0.4
8+ 27.25 397 421 29.39 0.8
TABLE III. Decay widths of three different channels (keV) up to Jpi = 8+ of the σ-bond linear-chain states. The channel
radius a is 6.0 fm.
Jpi Ex Γ(
4He + 10Be(0+1 ;pi
2)) Γ(4He + 10Be(0+2 ; σ
2)) Γ(6He + 8Be)
0+ 22.16 0.2 136 38
2+ 22.93 0.4 99 29
4+ 24.30 0.3 63 23
6+ 26.45 0.2 42 17
8+ 29.39 0.2 17 13
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FIG. 6. (color online) The calculated α- and 6He-decay reduced widths up to Jpi = 8+. Panels (a)(b) show the decay to the
ground band of 10Be (pi-bonded 10Be). Panels (c)(d) show the decay to the excited band of 10Be (σ-bonded 10Be). Panels (e)(f)
show the decay to the ground band of 8Be. The l denotes the relative motion between Be(2+) and α particle. The channel
radius a is 6.0 fm.
